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ABS TAACT 


Tne results of a research study of methods of fatisue 
life prediction suitable for application to the problems en~ 
eountered in HY-480O steel structures are presented. A gen- 
eral background to the problems of low-cycle fatigue damage 
analysis is siven. From a study of sixteen proposed fatisue 
life prediction methods, six of the procedures were chosen 
fer numerical evaluation. An experimental program generated 
constant axial load range data and complex load spectra data 
with notched svecimens of material having the properties of 
the HY-€0 steel used in naval ship construction. The exper-~ 
{mental results were used to analyze the selected fatigue 
Life prediction methods. Modifications were apnlied to the 
selected methods as a possible means of improving their ac- 
curacy. Tne method of Miner, modified to sum the cycle ra-~ 
tio, n,/i, 5 to 0.6, was found to provide the best overall 
fatigue life predictiors for HY-8C steel. 
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Lo INTRODUCTION 


H¥-89 steel was developed for use in designs requiring 
2 high strenstn-to-weight retio; however, the increase in 
stress leveis associated with the hisher strengstn was not ace 
sompanied by a corresponding increase in lowe-ecycle fatigue 
strength, Thus, present desig proceedures based on yield 
strength as the controlling material property are being re- 
considered, and the fatisue properties of the material are 
becoming more important in design approaches. 

In the past, protection against fatigue failure was ac- 
eomplished by desien procedures which provided for infinite 
life. Such procedures, though adequate from the fatigue 
standpoint, are not acceptable for designs limited by weight 
(e.8., a submarine). The design procedures must be altered 
to provide for e finite fatigue life if the highest possible 
strength-to-weight ratio is to be obtained, Therefore, the 
optimum utilization of HY-80 ateel requires a knowledge of 
tne performance of the material when subjected to lov-cycle 
fatigue dsmage. This knowledge cen be gained from large 
seale-model tests [10, 32] or from an analysis of laboratory 
data. 

It is the purpose of this paper to present the results 
of a study of the low-scycle fatigue behavior of "Y-89 ateel 
laboratory specisens. The study doea not attempt to describe 
rigorously the mechaniam of fatigue damage, but inatead re- 
fleots an emphasis on methods of fatigue life prediction 
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suitable for engineering application to the problems of 


high strength-to-weight ratio structures, 
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Ii. B&CKGROUND 

Accumulated fatigue damage may lead to fracture when ree 
peated or fluctuating stresses with a maxitum value less then 
the tensile strensth of the material are applied (44), This 
phenomenon can be referred to as lowecycle fatigue damage when 
the number of cyclic loads to frilure is less than one million 
cvyeles. 

Me coneents and backeround vertinent to this study of 
low-eyele fatigue damage of HY-50 steel are reviewed in this 
section. Reviews and analyses of the complete field of lowe 
oyele fatizue damage may be found in references (2,55,66)]. 

An analysis of cyclic fatigue data requires a descripe 
tion of the stresses in the material, a definition of the 
streses-vorsus-iife (S-H) curve, and a consideration of the 
loading variables. 

Tne initial step in the stress analysis is the definition 
of the stressestrain curve. Since 1944, true stress-strain ree 
lationchins have been used in fatiene testins. The shane of 
the true stress-strain curve changes preatly during the first 
few sycles an? then only sticschtly ag cyclic loading ocontinnes 
[28,41]. nee the stabilized cyclic atate has been reached, 
either constant load amplitude or constant strain amplitude 
tests can be used for the true stress-strain relationship (4, 
16,41]. 

Because fatiaene life is stronsly influemced by the value 
of the mean stress, seversi metnods have been proposed that 


attempt to account for the effect of mean stress, These 


ot - 


es 

“7 bore serine’ of feat var wnsmd aepdeed eto feeb 
were cee, Gabry oemices 2 Boe ervertre gs faeuseers w Deteen 
oh) 6) Pei tees oes LAbiedew oti Yo “Tare Na+ (Cine one 
1 Che an deee aigite-aes 64 of ArtcomTec ov as eoreo@emads 
imitiie eam een! whel 6f conliat of acl “lees Yo safe ef 
stolen 

Th ubere fcr? oF ine trons teensy bed te eo Tw 
SLA? 4f Beemivwe aie feels O'~" 56 shee eeiitnd se Qo-ae! 
“MOL TS @fet] stedqeoe att te eeatiame Ane wwetrell -20 ttese 
TAA RE S| GOI Ot MeMOT oo Tee seemed ama tret edeys 
“Tiwana & Aetisipers efah esetted obTrgs To steviane Oh 
may To Wess Moriah © )Labunses aol us memmetsy nth Qe oth 
NMP Te nolterehianes @ ime yeTKue (W-2) 0}sqorLTReeneS 
OL ame sethees 
EPLIND N08 Of letter wertie «at oF gece Lateral eam | 
~e? RIPNPe-menrte aut ROL ewok = crers VAS C-ORONIN OCR TW 
10 erate BOLTON! Up ITe? md Dene pel aeer methane teat 
ATRAN d BRIE SAtaIrT Aeamade eYTU RiATYNOnmhe Cow Bhy 
MHMeTaee PAiherk a/foyo be ETAAetTe chine Beae Low emtene walt 
sheclanen seed war stnts ofhews heh adete «dr enn Cy 








‘whet Lipa Gites Jempanno ve rod tees heel ramtanne tortie 






o*) titties mie Bhesee mete Suet silt SOT Bnew ot awe 
=a «4 oe i wae ‘ a ae 
“ AP ne OTs Bndtet arreent 
| Deceree yeetin come ade Bo 
— ne a aR a ats as ears 


4 

















BWaeyss 


methods include the Gerber, ellipse, Naigh-Sederberg, and 
modified Goodman relations, Ali of these methods adjust the 
SoN curve downward in the high-ecycle region to acceunt for 
the maximum nossible effect of mean stress. Figure 5 of 
reference [29] sompares the adjustment given by each of theese 
methods. Most investigators prefer the modified Goodmen ree 
lation [23, 38], while some find the method to be conserva- 
tive (291. Cinm modified the Goodman diagram by using the 
value of the true fracture stress in lieu of the ultimete 
tensile strensth and found very good correlation on his own 
and other investigators’ data [4]. It has been shown that 
the modified Goodmen relation can be used for notched speci- 
mene to give reasonably good predictions for the effect of 
yielding in the high strese zone at the root of a noteh [22]. 

Many investigations indicate that fatigue behavior in 
the low and intermediate cyclic life range (1o0-10° cycles) 
is characterized by a straisht line on logelog coordinates of 
stress versus life [18, 41, 66]. Using this assumption of 
linearity, methods have been proposed to predict the S-" 
curve using the resulte of static tension tests, One such 
method is based on energy considerations [12] and another is 
empirical [41]. Predominant among other approaches, which 
Suggest that the best fit of fatigue deta is not a straight 
line on e log-log plot, is the linear representation on semi- 
log coordinates [16, 34, 65]. 

In any representation of the S-N curve the portions of 
the curve below and above the 10-10° cycles region are 
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aiffiault to define; consequently, only seneral descriptions 
of the end regions are usually given. The high-stress, love 
life portion of the Se-N curve is generally flat, with the 
flat portion of a notched specimen being shorter than that of 
® plain (smooth) specimen. The location of the point of ine 
flection, i.e. the endurance limit, at the lowestress, highe 
life portion of the S-N curve varies with material, geometry, 
eyelic rate, stress spectrum shape, temperature, and prior 
stress history [18, 27]. If the elastic strain-versus-life 
curve shows a distinet curvature in the intermediate cyclé 
range, the endurance limit can be defined with extensive high- 
cycle test data [41]. Quicker and less accurate approxima- 
tions to the endurance limit can be made with graphicel methe 
eds [65] or estimates from known data [42], The difficulty 
of defining the endurance linit has led some authors to suge 
gest that the stress associated with 10! cycles be arbitrarily 
taken as the endurance limit when making fatigue calculations. 
Tne methods of testing must be considered when evalue- 
ting oyclic test data. If the applied stresses are within 
the elastic range of the material, there anpears to be little 
or no difference between tests based on controlled strain 
limits and those baseé on controlled stress limits, if con- 
ducted in the high life range [18]. In the low life range, 
however, plastic strain predominates, indicating that the 
best results should be obtained from controlled strain Linit 


tests (41, 18]. 
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The order of applicaticn of stress levels, the type of 


stress, and the stress range are test variables which alter 
test resuits. Ina given stress spectrua, the application of 
the higher stress lievels first leads to a specimen life which 
differs from that obtained by applying the lower stress levels 
fifst [16, 55, 63]. Pulsating-tenston stresses produce a 
higher fatigue limit than do alternating tension-compression 
streases [4]. In axial tests and bending testa of both notch- 
ed and smooth specimens, life predictions based on the arial 
tests are usually smaller than those baeed on bending test 
results [1,16]. The redustion of fatigue life increases with 


increasing maximum stress and stress range. In spectrum 


Loading tests, stress levels below the endurance limit heave 
been observed to shorten life [64], For sub-endurance stresses, 
1t is felt that there exists a strese level below which 
eracks and damages cease to propazate [15]. 

Rate of cycling must be considered as a load variable. 
At frequencies less than 1009 cycles ner minute, the fatigue 
life decreases with a decrease in cyclic rate [16, 13]. For 
ferritic steels specifically, the smaller the number of ecy- 
cles between successive rest periods, the more marked is the 
inerease in life [7, 30]. As mean stress is increased, the 
ehape of the load-tirms curve plays « stronger role [138], 

Other considgeratione which should be included when ana- 
lyzing cyslie fatigue test data are stress and etrain scon- 


centrations, residual stresses, size effects, environmental 
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effects, surface eonditions, pre~stressing, and creep. The 
relative decree of influence of each of these variables on 
fatigue life is not fully understood at this time. 

Severai methods for the prediction of fatigue life heve 
been proposed in the literature by various authors. All of 
these methods are fundamentally the concept of gradual eaccumi- 
lation of fatigue damsge during the progress of loading. 

Reach author emphasizes a particular aspect or formula for the 
representation sf either or both the applied loading spectra 
or the S@-N fata. A brief description of each of these methods, 
presented alrhabetically by author, is given below, 

1. Corten and Dolan's “Method [6] 

Corten end Dolan developed a non-linear cumulative 
danage theory in terms of etress retios of the various 
loads in the spectrum, The method is based on a cone 
cept of relating fatigue damasce to the number ef eracks 
formed as a function of the largest varying load in the 
sequence. The growth of such cracks is assumed to oceur 
eat all load ievels of the sequence. This form indicates 
that stresses below the endurance limit contribute dam- 





Freudenthel end Heller's pvresedure requires the con- 
struction of = *"fisctitious” S-H curve by the wse of a 
stress interaction factor, To derive the stress inter- 


action factor, a statistical analysis is performed on a 
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large number of samples tested under various spectra of 
loading, The result is a quasi-linear rule of eunulae 
tive damage which accounts for the damaging effeot of 
lowestrezs amplitudes when mixed with infrequent high- 
stress amplitudes. Under varying etress amplitudes, 
thie method eliminates the effect of endurance limit as 
@ Significant design value. 

3. Fuller's Method [16] 

Paller analyzed the available fatigue data from many 
sources to arrive at an empirical approach to the faile 
ure vrediction problem. The resuiting method applies 
to loadinge which have many repetitiona of vlocke of 
stress levels and permits a limited degree of random ap- 
plication of loading sequence within each block. Stres- 
ses below the endurance limit are considered to contri- 
bute damage. 

4, Gatts’ Method [17] 

Gatts describes the accumulation of fatigue damage 
With stress anplitude as e« random time function having 
a specific amplitude distribution. Ths stress amplitude 
distribution may be continuous or discrete. Solutions 
of a differential equation relating damage accumulation 
to the anplittude distribution of stress are used to voree 
dict fatisue life of material subjected to random load- 
ing. Demage is assumed to accumulate when the applied 


etress exceeds the endurance limit. 
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§ Grover’s Bethod [21] 





Grover’s method is essentially the seme as Langer'e 
method which is described in paragraph 7 below. 
6. Henry's Method [27] 

Yenry developed a non-linear description of the ace 
cumulation of damage. The method requires a knowledge of 
the order of load application and the original S- curve, 
The allowable S-' curve is reduced in a step-by-step pro- 
cedure by using cycle ratio corrections to account for 
damage by prior loadings. The oycle ratios reflect the 
effects of insreased local stress concentrations for load- 
ing cycles at levels above the endurance limit. 

7. Langer's Rethod [33] 

Langer's method requires experimental SeN data which 
separate the crack initiation stage from the crack growth 
stage. The two resulting S-N curves are used with a Line 
ear accumulation of cycle ratios to derive a prediction 
of fatigue life. 

8. Levy's Method [35] 

Levy's procedure uses empiricel constants derived 
from test data as exponents for each cycle ratio of a 
step specrrum and as a constant loading coefficient in 
the life prediction equation. Thue for a loading spec~ 
trum of q steps, the solution of (q+l) simultaneous 


equations and es many sets of test data are required, 
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9. Lundberg's FFA Method [39] 


Lundberg, in conjunction with a group at the Aero- 
nautical Research Institute of Sweden (PFA), represented 
the applied loading spectrum and allowable S-N data as 
mathematical formulas. These formulas were used with 
the assumption of linear cumulative damage to obtain a 
closed form solution for the predicted fatigue life. 

10. Manson's Method [42] 





Manson‘s method is applicable to cyclic bending 
loadings. The method assumes that the S-log N curves of 
a materiel having varying amounts of pree-stress will in- 
tersect the S-log N curve of the original material at a 
common point. The value of N at the point of intersec-e 
tion is used as a characteristic constant in the predice 
tion of remaining fatigue life. The procedure accounts 
for the order dependence of load application and for the 
reduction in endurance limit due to pre-stressing. 

11. Marco and Starkey'’s Method [43] 

Merco and Starkey developed a method of defining 
damage boundaries which had been suggested by the earlier 
work of Kommers [31]. Kommers analyzed two-step load 
tests of steel coupons and pointed out the essential 
non-linearity of the damage boundaries. He hypothesized 
that the damage boundaries were functions of both the 
load levels and the cycle ratios in each load level. 
Marco and Starkey used a power relation of the cycie 


ratio to define the damage boundary. By making the 
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exponent stress (or load) denendent, a mathematical fore 
mulation resulted which can be used in the procedure vre- 
viously developed by Richart and Newnerk [521, 

12, Miner's Method [45] 

This well-known linesr cumuletive damare hypothesis 
was originally proposed by Palmeren with no hasis in 
theory [429]. Miner later restated the nypothesis hased 
on the following energy assumptions: (a) the amount of 
internal work absorbed by the material dtring each load 
eyele is constant at a given load level, (») the maximum 
enount of internal work that can be absorbed from cyclic 
loads before failure is elways the seme, and (c) the 
amount of internal work absorbed at each load level is 
linearly cumulative and indepmnient of the sequence of 
loading. Pailure is hypothesized when the summation of — 
the fractions of fatigue demarce expressed as cyole ratio, 
(Fs is equal to unity. 

13. Richert Newmark's Method £53] 

Richart and Newmark develoned a formal procedure 
for utilizing Xommer‘’s non-linear damare hypothesis as 
stated in parregraph 11 above. The resulting method des~ 
ecribes damage boundaries which vary with both streas 
level and the cycle ratio. 

14, Shanley'’s "1X" and *2X" Metnode [53,59,60] 

Shanley*s "LX" method utilizes a mathematical for- 


mula for the S-N curve and e sonecent of rate of fornne 


“—3t (motivewiter « ,Kichwaee (Seul oe) senses orne ots 
“a wOCenow ef mi feet ec haw Aouste eet i peers mm ates 
4/72 CCM Oe Fee I er fee taeves S ferolr 
roe! Seren ae (a 

eer Te ened er Fseferne Veer)! sees tee ad 
wi «hve we MR eeetaeiet Vo Remeron Tivaatp ts wee 
Sered oReeAtwes a Geteters tear teeth. P¥eS vroetg 
TO tele oh (a) cone e haremee Tree gy fee: ane oF 
Sack Ams umitem Mruwtaw ws Cr Settnate ecor Lenmatat 
Santee wl tS) Sewel Geer nee Ty 8 OA Videen #8 alee 
SIoNe ET hectreuds a hee TSUN Apow LertOlb? Yo rated 
OAT 18) tre femme OF9 otewle 0) oaetlt weeted Ohba 
BE TOTAL Reet tone 66 tehoeNs Sew Larosmt 4+ dane 
TO Mhatbipes mAt te Suesemenitent bee ey atom tiaeumtt 
16 WOLIAmEN AT wale Pemtéedrewed 82 onetie® gi teed 
abet or0Me eehermepeatienapatiesienting werfoat) ai 
° ee ey | 
(et) Raided a” tna tet tonnes tt 

ernfesets Parle? 6 Raqntereh vraeey Mn Punto 
ME ANAC GERAD wom fone eMTHMN? Bw iT sy Cet 
<0 POTMOM UNIT IOWE WE erode (1 dowteres a berate 
REEFS AIT AN TAY Hottie we Creer ery set led 
8 et ee <i cael Leer 
ROPE eT aedvew “re” Bie “eT seein Ser 
<w! Mew tremetned © wPRET ENG hare “EM wheelie 
RTT Se Ve Herp & Bhs ot tie Woe win Soh 


— e@he 6 cei? eee of ov@ & Gem 



























'% 








tion of slip bande to derive an equation which results in 


the linear cummletive damacse expression of Pealmgren and 
Hiner, SGhanley's "2X" method is a non-linear form of 

the sumuation of fatigue damece fractions based on essene 
tially the same concepts as his linear “1X" method. In 
his "2X" method one of the ooefficients in the rate 
equation is assumed to be stress dependent, thereby 
greatly inoreasing the rate of crack growth. 

15. Smith's Residual Stress Method [41] 

Snith used Miner’s linear cumulative damage hypothe- 
sis and an elaborate stress analysis to include the resi- 
dual stresses from plestic ylelding at higher load levels 
with the stresses from external loads. 


16. Valinri's Hethod [62,62] 


YValluri assumes that ea number of cracks are sgenera~ 





ted by cyclic stresses and that final failure is due to 
the growth of a “dominant crack". The dosinant crack is 
assumed to grow intermittently through active and dormant 
periods. ‘The method traces the orack from its inttial 
size to the point at whieh the applied maximum stresses is 
sufficient to propagate the crack to failure. The dese 
eription of cumulative damage is accomplished by con~ 
verting the damage at different stress levels to danegse 
at » reference stress level and invoking the conditions 
for failure at the reference stress level. The method 


accounts for ordsr of application of stress in two-step 





vu] @9 50fe@ Hole cf Tr eies fe ey ieet se Ghee ebhte * mee 
ie. (HOw iet 16 Ofeirree* apteot ee Peleme riceali 621 
te got HEAD fea 4 af tofteee * HS velo «Caer 
-awee) 40 Se¢ed gem ivert? <geet eani?@ T eofsvenne™ wae 
AD (femer Ter’ weergt are te evoreeco eepe 67 ETLed? 
bret «f! Yt Esitedeftiest ear te ano Soca *AS* eee 
“detets , te reets® “erate ef of pemnire 01 LO stage 
here? Ens he we! Oo anreerinnt iteor 

(13) Beahen gases © (erdonnu e\etige 4s 

wy) Chaweh sv fiulonpe feel l ela) Me 29S 
steet of Che ten) of serylanw essary eramode te ne fe eee 
eierel Rett ceghT fe IsIOTY G2oee ly Wen) camewete Dee 
ee ee 
Lh webs TS TREN = me emma topics 
ot Om) (2 wwite? Cea eum ta cosets oti Ww Get 
ci dewas Sneniveh at)“ Shei sreeeet* « te oevomy eile 
tuerteh fo avitos Uni ylowere iewin2d werg @) Ceammas 
fO2dGst eit wel ceerTe er) @eoww Benive ot ol rree 
of wawces certo Wel lq ol roti Se datos ot! wt wale 
ate ae Eee ct Bowes Ot cfeeerre of fm sortioe 
ive WS balatiqecage oS upie® evllefwwa to ne iii 
eqameb of afbvel Woerlo tamutt ld Je ueedh wa) KtiTeee 
uate iRise WE OCW Aes MET waned: someeater W de 
ne WHE fdeTeL Pewnte mUNCETeS WT Ts ere t20) x07 
O8%e Ow) Nt BAONI Fw BREE Seon To ceNED Ter etomeeus 


= = & . : = 























~-13- 


loading, but not in random loading. Stresses below the 
endurance limit are not considered to contribute damage, 
Validity of the method is clsimed for the low-cycle 


ranze only. 
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Iii, OBJECTIVES 


The objectives of this research study are; 

1. To develop S-N characteristics for HY-30 steel from 
constant load range laboratory tests. 

2. To develop fatigue life data from laboratory speci- 
mens subjected ts complex loading spectra representative 
of actual HY-80 structure loading histories. 

3. To compare and select proposed methods of lowecycle 
faticue life prediction suitable for engineering appli- 
cations to HY-80 steel structures. 

4, To evaluate the selected methods of fatigue life 
prediction with the experimental data. 

5. Te provide modifications which improve the accuracy 
of the fatigue life prediction methods, 
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iV. PHOCEDURE 


YVenotch test specimens were manufactured from steel 
having the properties of the HY-80 steel used in naval ship 
construction. The specimens were subjected to axial push- 
pull loadings. Complete descriptions of the specimens, the 
properties of the steel, and ths characteristics of the teste 
ing machine are given in Appendix A. 

Loading schedulee were developed from stress cycle cone 
biuations furnished by the Bureau of Ships. Descriptions of 
the loadings schedule and resulting stress spectra are given in 
Appendix B, 

Constant load-range tests were performed to establish 
the S-N curve of the material. The behavior of the material 
when subjected to load spectra was established with variable 
load-range tests. <A test was terminated if a spesimen sure 
vived 100,090 cycles without failure. 

Sixteen proposed methods of fatigue life prediction were 
selected and reviewed for applicability to this study, Appen- 
dix C contains a brief description of the procedure employed 
by each method. 

Six of the sixteen proposed methods were chosen for evale 
uation with the experimental date. Lack of applicability or 
special date precluded the evaluation of the remaining ten 
methods, Variations and modifications to the evaluated meth- 
eds were applied where possible, The selection, application, 
end modification of the life prediction methods are deseribed 
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in Appendiz D. 


Each etress condition within the test spectra was cone 
verted to an equivalent reversed stress for use in evaluating 
the failure prediction methods. Appendix E shows the vrocee 
dure for computing the equivalent stress, 

Computer programs were written for the stress conversion 
and for each of the six chosen methods. The programs were 
used to generate numerioal results with which to compare the 
methods. Comparisons were made by determining a degree of 
conservatism and a standard error of estimate for each method. 
The mathematical methods used for comparison and analysis are 
explained in Appendix &. 
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1. S-N Curves 

fen of thirteen specimens faiied in the tests designed 
to establish tne shape of the S-N curve. A linear regresze 
sion analysis of the ten data points resuits in a linear log 


S=log N curve represented by the following equation’ 


Oo1250465 


3é * 181,603 (1) 


The linear correlation coefficient, r, af the above equa- 
tion is 0.976, and the standard error of estimate of N on 3 
ie 8,729 cycles. 

The curves corresponding to 95 per cent confidence lime 


its fer equetion (1) are described by 


gy0e1250465 . 199, 565 (2) 


G.1250465 _ 5 


{Upper ) 


(Lower) SB 64,977 (3) 


The curvea described by equations (1), (2), and (3) are 
shown in Fisure I. 
A linear regression analysis of the same data shows the 


best-fit line on S-log N coordinates to be 
Log N = ~0,00006544913 s+ 7.7945125 (4) 


fhe linear correlation coefficient, r, of equation (4) 
is 9,985, and the rateanderd error of estimate of N on S is 


6,866 cycles, 
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The 95 per cent confidence Limit curves for equation (4) 


are described by 


(Upper) fog W = -0,.00006544013 S+ 8,.0568407 (5) 


on™ 
tt 
© 
- 
& 
rs 
= 
©O 
F2 
= 
tf 


~0. 00006544913 S+ 7.5321843 (6) 


Equations (4), (5), and (6) are plotted in Figure II. 

Estimation metheda indicate an endurance limit stress of 
52,000 psi for smooth (unnotecned) HY-80 steel and 17,000 psi 
for notched HY-80 steel. 

2» Fatigue Life Prediction Methods 

Three of the 25—level spectra and six of the five-level 
spectra produced failures in specimens and provided a basis 
for comparison of the lifes prediction methods, 

Prom the sixteen fatigue life prediction methods conside- 
ered, the preposed methods of Miner, Fuller, Corten and Dolan, 
Gatts, Shanley, and Manson were selected az applicable to this 
study. 

The standard error of estimate and degree of conservatisn 
for each of the evaluated methods are shown in Table I and 
Figure III. Figure III is a graphical representation of 
fable I. Results obtained by evaluating e pronoszed method 
without modifications arse indiceted by an "4° in the tdentie 
fier mumber column. Kesults not marked by an "A” sorrespond 
to evaluations performed with various modifications applied 
te the proposed methods. Table I shows the valvee of the 


variable parameters for which each method was evaluated, 
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fable I also lists the separate values of standard error of 
estimate demonstrated by eaf€h method under five-level, 28- 


level, and all loadings. 
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TABLE 


SLANDARD ERROR OF FSTinAte 
and 
DEGREE OF CONSERVATISM 










Error of Estimate 





Standerd 
(Cycles) 





Conservatism 
Pie oDeeLra 


Parameters 
Degree of 





Identifier 
Endurance 
Variable 


Number 








FULLER'S METHOD | 
fe | 22.92h |26.78 2.867 ee_| 


1a | sg 
} 

ms | ves loo. bon = | 25.98 27,077 | 1,28 

2 tr |No 206 |35,.281 | 61.038 0.79 


Yes 4 64 281 0,142 1,022 


SHANLEY'S "2X" METHOD 


| Be i Yes 14,606 152,341 | 43,560 | 0.880 

m6 = s | No 2,341 | 43,849 | 0.921 

mei s 

| 7A | L | Yes 097 | 47.586 | 0.938 
; 


an ENC a u3,009 | 0.982 


| GATTS' METHOD 


on | sj yes | Ja4.751 143,520 6.540 | 0.967 
ite L Yes 16,614 43 636 6,897 1.043 
MANSON'S METHOD 





178,277 68,514 | 0.590 
97,980 


MINER Seino 









11a | S| No N= 42,755 
83,442 0.585 





aa S Sum=1,0 |b5,474 0.57 
me S on cocina l79.471 | 70,052 | 0.57 _| 
iG L | no | sum=1.0 [43,868 199.859 | 85,378 lons7e 
: Gon | Gime. 6 il — 99,859 78. | OnS7omme 


t 

ON 
M jet 
bt 4ON 


Sum=0.6 |1 Er 94 9 
SSL! 


O 





= 250 


TABLE I, Continued 





MINES So he] BOpsmconuimucd 
BE | vec! suneo-6 [a3.sig | 179 36.907 | 0.95) 
Bais No | Ebel. 7 4] 228 VE Beal yy | PA We WOO 
22 | Lt | No 






CORTEN and DOLAN Seino 
iy O3pmn|) eri Gimn moe tet 
on | § | ves| 6=1.0898 | 32,252 | 21,426 | 25,550 | 1.451 
114.225 | 46,108 


aS S lg | e828 

Pome | no | 57.0 135.664 | 89,56 974 | 0,62 

27 | 1 | Yes] 6=4.0 [13,679 | 55,083 | 45,66 
Notes: 


1. "A" in Identifier Number column desigznates results of the 
author's unmodified method, 

2. "S*" in Curve Form column indicates that S-N data was on 
S-log N coordinates. | 

3. "L" in Curve Form column indicates that S-N data was on 
log S-log N coordinates. 

4. "No" in Endurance Limit column represents S,=0. 


Se "res" in Endurance Limit column represents = 17, 0GS. psi 





= 248 
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STANDARD ERROR OF ESTIMATE 
and 


DEGnr EOF CONSERVATIES 


(Thousands of cycles 





e . Desree of vethod Standard Error 
£2! Conservatisn of astimate 
By 1 

_— 


Pul temas aa 0 
| 
Method 
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Shanley's 
"OX" Method 


Gatts' 
Method 


Miner's 


Method 


Dolan's 
Method 
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VI, DISCUSSION OF RESULTS 


The results of an analysis of constant iomd range data 

play an important role in any evaliuetion of propoged methods 
of fatigue life prediction peecause all proposed methcds re- 
quire conrest representation of the aliowable S-Ni data. The 
representations of the Se! curve most favored by investigators 
of lowecycle fatigue are the linear log S-log N and linear 
Selog N curves, with neither form having a clear majority. 
The results of this study demonstrate ehy opinion on the subjeq 
ect is divided, ‘The linear correlation coefficients for both 
forms of xepresentation are high. Te stemi~log representation 
is nearer perfect correlation (r=1.9) and has e slightly 
smaller error of estimate, A sonsideration of only the nun- 
erical values of these measures of correlation would indicate 
that the S~-log N representation is the better, On the other 
hand, consideration of the fact that the faticue damare pro 
cess in metal is a statistically random procegs would indicate 
that the differences demonstrated by the constent load range 
tests in this study were not large enough to identify core 
rectly the best representation, Accordingly, the close core 
relation of both representations required that the fatigue 1 
Life prediction methods be evaluated with both forma of the 
S-N curve. 

It is knowm that HY-8O steel, unlike aluminus, has an 


endurence limit etress, Se: but the extensive testa required 
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to establish tne value of Se were beyond the scope of this 
study. Therefore, an approximate value of the Se for notched 
FY-80 steel was used, chosen by graphical methods and compar- 
isons with similar materials. Fven though the estimated value 
of Be might not be the correct value, the use of an approxi- 
mate value demonstrates the influence of 3 on the accuracy 
ef the various life prediction methods. 
2. Fatigue Life Prediction Methods 

The statistical nature of the many facets of low-cycle 
fatigue damage precludes evaluating the methods for an ac~ 
eurate description of the fatigue damage process between damn- 
age initiation and failure. However, overall evaluations of 
the practical engineering value of the methods can be accon- 
plished by snalyzing and comparing the failure predictions 
of the various methods. The determination of the correlation 
of predicted fatigue life with test life provides an indica- 
tion of each prediction method's reliability and adequacy. 

‘Two measures of correlation (standard error of estimate, 
é _—| degree of conservation,/\) are used in this study. 
€ has properties analogous to those of the standard devisa~ 
tion, and, as such, represents the magnitude of the deviation 
of the prediction from the actual values, without indicating 
whether the prediction is larger or smaller than the actual 
value. Om the other hand,4\ indicates not only the scatter 
of the predictions, but also whether the predictions are 


larger or smaller than the actual values. 
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When using ¢€ as a measure of the reliability of a predis- 
tion method, it must be remembered that the methods use the 
equation of the S-N curve as an entering argument. The S-N 
eurves do not have perfect correlation and consequently re- 
flect ane of their own. Thus a value of a fatigue life pre- 
Giection from ea nethod based on the S-N curve will necessarily 
have an larger than that of the S-N curve. 

A few observations of the effects of varying parameters 
may be made by noting the smallest ¢€ and the /\ nearest unity 
in each category of each method. These six best conbinations 
for each type of spectra provide a general indication of the 
effect of the parameters. In the five-level spectra, the S~ 
log N representation yields the smallest « . A change of 
eurve forms shows no notable difference ine for the 28-level 
spectra results. The results for all spectra show the best 
{\ with the S-log N curve form, but no significant difference 
in € is produced by changing curve representations. The eval- 
vations of the five-level, 28~-level, and all stress spectra, 
based on S70, show no conclusive difference in € from those 
based on S717, 000. The results for all spectra based on 
&,=0 show a slightly better f\. Thus a general consideration 
of A indicates that the S-log N curve with no S, is the best 
S-N representation, while a consideration of € provides no 
indication of the best forn, 

If the results of evaluating the methods as the authors 
proposed are ranked in order of increasing ¢ , the following 


order is obtained: 
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S-level Spectra 23-level Spectra All, Spectra 

1. Corten and Dolan 1. Gatts 1. Puller 

2. Fuller 2. Shanley's "2x" 2. Corten and Dolen 
3. Gatts 3. Fuller 3. Gatts 


4%, Shanley's "2xX* 4, Corten and Dolan 4. Shanley’s “2x" 
5. Miner 5. Manson 5. Manson 


6. Manson 6. Miner 6, Miner 


When the evaluations of the authors’ unmodified methods 
are ranked in order of increasing /\ (from unity), the order 
is as follows: 

All Spectra 

1. Gattis 

2. Shanley’s "2x" 
3. Fuller 

4. Corten and Dolan 
5. Fanson 


6. Miner 


From both the ¢€ andA standpoint, the evaluation of the 
authors’ unmodified methods indicates that the methods of 
Gatts and Fuller are best. 

To understand more fully the influence of the veriable 
parameters involved in these methods, it is necessary to 
considereboth the results and the formulation of each method. 
A briéf discussion of the effect of variations on each method 
is given in the following paragraphs. 
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Corten and PDolan'’s Method 

Although Corten and Dolan do not specify a form for the 
S-N curve, investigators to date have tended to use the log 
S-log N curve. When this representation is used for the type 
loadings considered in this study, 6 must be lowered to in- 
prove bothe and /\. ‘The results of doing so in this study 
do not confirm the estimates of 5 cited in Appendix D. Pige~ 
ure IV shows the effect on ¢ and /\ when 6 1s varied, 

Using the S-log N form of fatigue data and equating 5 
to the reciprocal of the slope of the curve gives a reason~ 
ablec with a large /\. Increasing 6 above the reciprocal of 
the slope (S-log N) decreases /\ but increases ¢ . This is 
also shown in Figure IV. Tne inclusion of a non-zero value 
for Se improves the predictions slightly. 

In order to use this method effectively, testing and 
iterative procedures must be used to determine the best 
value of 6, regardless of the S-N representation. Such 4 
requirement severely limits the method's practical applica- 
tion. 
Puller‘s ethod 

Pauller's method was developed from an empirical enalysis 
of fatigue data represented by S-log N curves with neo endur- 
ance limit. Thus the method should yield the best results 
when the fatigue characteristics correspond to Fuller's cri- 
teria. The results of this study comform to such an expec- 
tation. All variations from the basic criteria of the auth- 


or produce less accurate results. 
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It should be noted that ¢ remained insensitive to a 


chanme in the number of stress levels in the load spectra. 
This is the only method that did not demonstrate a large 
difference of € between the 26—- and five-level spectra. 
Gatts' Method 

The evaluations of Gatts’® method showed only a slight 
difference in results when the form of the S-N curve was 
changed. The /\'s for both curve forms are very near unity. 
The € is slightly lower for the data in the S-log N curve 
form. The determination of the constante in this method 
helps explain the small difference. All the constants, ex- 
cept K and K', are independent of N. K and K' are determined 
with a value of N corresponding to an S in the loading range. 
The required values of N from equations (1) and (4) do not 
have a large difference; therefore, * and K' heave no large 
difference. 

Results obtained by this metnod are strongly dependent 
on the value used for the endurance limit stress. Predic~ 


tione by this method give unreasonable results if the en- 





durance limit stress used for calculations is not near the 
actual value. In fect, Gatts' method reflects a stronger 
dependence on the endurance limit than all the other methods 
considered in this study. 

son's Method 





Manson states that the applicability of his method to 
stresses other then cyclic bending stresses has not been 


verified [42]. The results of this atudy indicate that the 
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method is not applicable to stresses produced by cyclic axial 
loads. The predictions are very unconservative, the € 's are 
large, and the predictions reflect a strong dependense on the 
number of load levels. The log S-los N representation gives 
results with the larger error. It can be seen from equation 
(A 11) that the inclusion of an endurance limit increases the 
failure prediction and, in doing so, increases the error of 
the method, 

An S-N curve for smooth (unnotched) HY-80 steel was not 
available; therefore, verification of the existence of a 
point of intersection, No? of the notched and smooth S-N 
eurves could not be accomplished. The two extreme values for 
Ry (100 and 19000 cycles), as recommended by Manson, yield 
similar predictions, both having large errors. If N. is ase 
sumed to be zero, the method degenerates to that of Miner. 
Thus, if N, does not exist, there is no advantaze in using 
Manson's complicated formulation to arrive at Miner's pre- 
dictions. Even if N. does exist, the method does not give 


p 
reasonable predictions for axial loadings. 


Miner‘s Method 


Niner’s unmodified linear damage method yields very un- 


a 


conservative predictions with a large ¢. The predictions 


are changed very little by changing the form of the S-N 
| | , a non-zero value. The € for a small 
eurve or by giving Se 


number of stress levels is very much larger than the € for a 


large number of stress levels. If the method is modified to 
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sum the cycle ratios, wt to a velue other then unity, the 
predictions are chenged. Because of the linearity of the 
method, using a summation of cycle ratios equal to the AN 

of predictions based on a summation of unity will give new 
predictions having a/\ of unity. In this study, the modi- 
fied summetion was 0.576 for the log S-elog KR representation 
and 0.57 for the S-log WN curve, These values are very close 
to the value of 0.6 proposed for design purposes by Pope [5]]. 
The results obtained by using summations of 0.6, 9.57, and 
06.576 are only slightly different and reduce the € for a 
summation to unity by a factor of three, 

The disparity between < for the predictions for the 26- 
level and five-level spectra does not diminish wnen the sun- 
mation is changed, although the € ‘'s for both spectra are 
reasonable. In view of the € of the S-N curves, the € for 
the 28-level spectra using a modified summation is exception-= 
ally good, 

It should be noted that the € and /\remain essentially 
the same for the modified summations, regardless of the S-N 
curve form or value of See 

The results show that any desired /\can be achieved by 
selecting the proper constant for the cycle ratio summation. 
For example, Miner's method will give a /\of 1.5 if the ja 
resulting from a swnmation to unity is divided by 1.5 and in 


turn used as the summation constant for a new prediction. 
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*s "2x" Method 


The use of the S-log N curve yields predictions that 


have lower €'s and are more unconservative then those ob- 


tained by using the author's specified log S-log W curve, 


The use of a non-zero S, lowers the € slightly and movesZ\ 


closer to wnity for both curve forms. The method is more 


accurate for spectra having a large number of load levels. 


All predictions by this method in this study are unconser- 


vative. 


If the least ¢ for each method, regardless of modifi- 


cation, is selected, and the methods arranged in order of 


increasing €, the following listing is produceds 


1. 
Ze 


Be 


Five-level Speotra 


Corten and Dolan 
Fuller 

Miner 

Gatts 

Shanley's "2X" 


Hanson 


unmodified 
unmodified 
Slog N, > =0.57 
unmodified 
unmodified 
unmodified 





Corten and Pollan 
Miner 

Gatts 

Puller 

Shanley’s "2X" 


Menren 


log S-log N, =4.0, 8.=17, 000 
2&0. 57 

unmodified 

log S+log N, 37175000 

log Slog N, S.=0 
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All Spectra 


1. Miner >, =0.57 

2. Fuller unmodified 

3. Corten and Dolan unmodified 

4, Gatts unmodified 

§. Shanley S-log N, 8 217, 000 
6, Manson S-log H, S,=0 


Identifying the /\ closest to unity for each method, re- 
gardless of modification, and then arranging the methods in 


order of increasing/\ from unity gives the followings 


All Spectra 
1. Miner >, =0.57 
2. Snanley's "2x" log S=-log N, 5 =O 
3. Gatts unmodified 
4%, Fuller log S-log N, $,=17,000 
5. Corten and Dolan S=log N; 63.25, S$ ,=0 
6, Manson S-<log N 


On the basis of the best results achieved by any method, 
with any modification, the method of Miner with >, =0.57 is 
best. The methods of Gatts and Fuller follow Hiner in best 
overall predictions. 

It should be emphasized that, although tests of this 
type might bring out differences in the predictions of the 
various theories, the differences might not necessarily ex- 
ist under other test conditions. Thus, the test conditions 


must closely resemble the conditions existing in the actual 
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structures if the degree of accuracy demonstrated by any one 
theory is to have practical application. Hence, these results 
and their implications are limited to HY-809 steel structures 


having a loading history similar to those used in these tests. 
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VII. CONCLUSIONS 


1. The formulation and use of an analytically perfect fati- 
gue damage theory must await the correct solution of the de- 
tailed stress analysis problen. 

2. In the absence of definitive stress analysis, Miner's 
linear cumulative damage method, modified to sum the ratio, 
-. » to 0.6, is the most easily applied and most accurate 
method currently available for the prediction of fatigue life 
in HY-80 steel structures, 

3. Fuller’s fatigue life prediction method yields reliable, 
though conservative, predictions whether the number of stress 
levels in the loadins history is small or large. 

4, The methods of Gatts and Shanley yield reliable life 
predictions only when applied to loading spectra composed of 
a large number of stress levels. Fatigue life predictions 
by Shanley’s method are slightly unconservative, while those 
by Gatts* method show a degree of conservatism approaching 
unity. 

5. The difficulty of determining the correct stress exponent 
for Corten and Dolan's method makes it impractical to apply 
the method to engineering problems. 

6. The method of Manson evaluated in this study is not ap- 


plicable to axial loadings. 


CSnoS es wT P 


“80G) Coatone ulinaee tee oe To vey ke soOlintowe af i 
“eS OP 86 ws TNIC® dureean eth ¢ ie ‘wir. (Lowe oeeae ape 
- 7 00G0 ala iwre ewotte Beciss 
S' coef!) . Siete esoare evietot'sh Io anneeds eas ee 
OMT WS ave od betitoos , betes cmumal ov elms Seeall 
"apeoog Mom hem heditoes erieee fece ade bf O00 of , a 
WEL Seperat YO Wwe thers and ce whdet trve Chiercvime teatsg 
matotarele Ivete COT a: 
~Oldetion et Dpie hosice ne iIofb0e 214s amedtey ers ifee of 
orerrs te eafecur 2) Yulee wet ata (WL ev teerce creer? 
Sete WO Sinee ml riptete eaghans att oi eferet 
VEL! GiGatinn BEOLy gelvens fas ettan Ye shodtes ott ia 
4 Seetenas wcirente palBect A MLOpre were ater YAO b4 O1berty 
amitiokbory SOU seetiwy .aftiei eeatts te revo agdel » 
oem) ohdbew TLIC Tetley woe Nuicws et oer yg 
MATa BELT wNSE YO BEER @ were inddan ‘otiwd vd 
.~ 
‘nmmegze Sete Jowrree HH aninbevesed Ya ti (te fTtrk =aT 
p08 OF Lebltdetne? St pyune tenew oaate) ime oma red 
ameloowm wi lwentsow of atten we 
re ene Si alan a 5 2 
Tan thwol folten of 












VIII. nECOMMENDATIONS 


1. Additional testing should be conducted to correctly de- 
fine the fatigue behavior of notched 'yY-89 steel in the high- 
stress, lLow-life region. 

2. Tests should be conducted to determine the endurance 
limit stress of notched, axially loaded HY-29 steel, 

3. Until the stress analysis problem is solved, use Miner's 
linear cumulative damage method, modified to sum the ratio, 
7 » to 0.6, for determining failure predictions in engin- 


eering applications, 
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APPENDIX A 


Description of Test Apynsratus 


The spscinens for this test were manufactured from plate 
produced by United States Steel Corporation under Contract 
HOns-84479, The chemical somposition of the steel ts shown in 
Table II. ‘The average tensile properties of the steel as obe 
tained from duplicate 9. 505-inch diameter apesimens are shown 
in Table III. The true stresa-true strain relationship of the 
steel ig shown in Figure V. 

The test specimen configuration is shown in Figure VI. 
The notch has a theoretical stress concentration factor of 
2.75. The test section of the specimen is identical to the 
YVenoteh cantilever beam specimen used by Merine FEneineering 
Laboratory in lowecycle flexure fatigue tests. The selecticn 
ef a YVenoteh specimen was based on the suceess of the David 
Taylor Model fesirn in correlating structural fatigue resulte 
with Venotch data. 

The specimens were cycled on a Wiedemanr:~Caldwin, Mark 
300-AL, Univereal Testing Machine. This machine has the cap- 
acity of a 300,000-pound load in both tension and compression. 
It can be controlled sutomeatically by load, strain, or crose=- 
head movement, To permit automatics performance of the multie 
level tests, an auxiliary contre] panel, shown in Figure VII, 
wes Geeslened’ and constructed at the U.S. Navy Merine Engineer= 


ing Laboratory, 
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Tne eriterion for failure was the propagation of a crack 
to a distance of 1/3 to 3/16 inch fron the edge of the notch. 
This condition was detected with a loop of insuleted copper 
wire cemented to the specimen 1/8 inch from the tips of the 
notch, The wire loop was part of the electrical control cir- 
cuit. As the crack propagated outward from the notch, it 
reached the wire and caused the wire to break. The breaking 
of the wires stopped the machine. 
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TABLE en 


Chemical Composition of the Steel 


=D? [21 
Per cent Oo Oecs O70). |O20ms 














Element 


Sail Ni Cr ‘Mo 


SSPE) O) 5 LEGHE 


Tensile Properties of the Steel 


Sroverty Value 
O.2 Per cent Yield Strength, psi COL See 


Tensile Strength, psi 









Puonsatcion in 2 in., ver cent ZO 


Reduction in Area, per cent 76.0 


Umer Practure Stress, psi 175.8986 
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AXTAL FATIGUE, V-NOTCH SPECIMEN 
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Deseription of Stress Spectra 


The gtxcess oycle cambinations furnishec by the Bureau of 
Ships were reduced to eighteen spectra, Nine of the spectra 
represented nine combinations of residual and working stresses 
with 28 different stress conditions pes spectrum. Ine remaine 
ing nine spectra represented the same load ranges, but con 
tained only five different stress sonditions per Spectrum. 

The maxinua stress in a spectrum corresponmied to a residual 
tenslie stress of 55, 75, or i600 per cent ef the minimus yield 
atrength of UY-80 steel, Different values of compressive 
working stresses were combined with the maximum stress to 
establish various stress conditions within the Load range of 
the spectrum. Eech stress condition within a spectrum was 
assigned a frequency of occourrensce on the basis of loadings 
histories of actual structures. Figure VIII is a srephic ile 
lustration of a typical 2i-stresas level spectrus, ani Figure 
IX shows a typical five-stress level spectrum. <A complete 
listing and a description of the stress combinations ere 
Given in reference [57]. 

The nine load ranges of the spectra were used for the 
constant load-range tests. In addition, four completely re- 
versed stress tests were performed ts define more accurately 
the low and hizgh life portions of the SeN curve, 


Reeh of the variable load-range teste conformed to one of 
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the eighteen spectra of 28 or five levels, <A 28~level spectre 


was not tested if its correspondins constant load-range test 
did not produce failure. The lond spectrum was continuously 
repeated umtil failure occurred or 100,000 cycles were reached. 
The calculations for developing the stress levels in the 
specimen were based on the initial cross-sectional area at the 


minimum section of the specimen, exclusive of notch effects. 
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This appendix deseriber the procedure for utilisines the 
yarious methods to predict the life of saterial subjected to 
loweoyele fatigue. 
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where N, = predicted number of cycles to fatigue 
failure 
S. w= largest strece amplitude in the loading 
enectcrun 
N, = number of eyeles to feilure at 5. 
strese omplitude at the hes 
load in the spectrun 


varying 


A 
~~ 
ii 


a “st ratio of the nuaber ef cycles 
syplied at By to the total number of 
eyeles applied in the normalized loadings 
cequence 

& w= invariant strees exponent 

All atresses, ineluding these below the enturance 
Limit, are conaldered to contribute demege. 
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2. Freadenthal and Yeller's Method [14] 





Cycles to failure are predicted by 


= 
) A 
a 


wiere n, = mumber of cycles applied at the i 
varying stress, 34 


Np = (A 2) 





th 


Ry = number of eycles to failure at the 5 bh 
varying stress, Sy 
% = 2 stress interaction factor which re=- 
duces the number of cycles to failure 
at the {= level to account for prior 
higher stresses 
3. Fuller's Hethod [16] 

The stresses within a block of stress levels which 
has many repetitions are arranged in descending order 
without regard for their actual order of occurrence, 
fhe stresses are normalized to a 1000-eycle block and 
plotted on a three-cycle semi-logarithmic plot, as shown 
in Figure X. The distribution coefficient, 8, is defined 
as the ratio of the shaded area in Fisure X to the total 
area bounded by N= 1, S, (the higheet applied stress 
level), N = 1000, and 3. (the smallest applied stress 
level). 


Re is found from the equation 
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where a « the number of cyclee to failure at a, 
N, and u, are taken from the straight line, S ~ log ¥ 
ourve iinearly extended to Se 


4, Gatts’ Kethod [17] 
Assign each stress amplitude, Sy9 & probability, Pai 
for example, on the averege in 100 eveles, Sy will occur 


P, = 100, ete, 


Define A eas the ratio of the eudurance Limit ef the 


Virgin material, S,., to the ultimate tensile streea, 


ea 
Spo: 4.8. 


“2g 
For a ktnewn value of © for ea particuler S, evaluate 


K from the relation 


a. : _ 
=e -sy;, = = 


Determine values for the sonstants, £', «, and b, 
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2, My 

2 455 
D m sy 


For discrete values of stress anplitude, the con- 
gteants inelude only the sume for these values of i for 
which Se le @reater chen ayy 
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V gums” 
5. nod [27] 
Define the S-" characterlatics of the material in 
the form 
i= 
ae. Wied 


Patisue dmagage at any stress greater than 35? pat 


lees than 1.5 Seo? 46 represented by 
7 

~ “Ay 

a [a - s 

( i*"eo) Ry 


Por several discrete land Levels sbove the endurance 





Limit, 











(A 5; 





i 


a 
where Dy = damace ratio after applying syoies 





+ ett |-@),, + 
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at the 1°" 1eve2 
(B) = equivalent syele retio at the (103) 
-_ level 
Repeated use of equation (A 5) will give the fatigue 
domage of a sequence of load levels. 
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Predict N,. fron 
¥.. =e (A 6) 
-- o- 
6. Langer's and Grover's Methods [21,33] 
The equations to be satisfied are 
it x 
2 = J and LTT =i 
where 4, = the mumber of load cycles spplied before 
crack initiation 
% * the per cent of the number of cycles to 
failure required to initiate cracks at 
the = loed level 
x, = the number of losed cycles anplied bee 
tween crack initiation and finel failure 
Thus the number of cycles te failure for a svecific 
stress level is 
(Np), = (4,45, ) (A 7} 
7. Levy's Method [35] 
For twoestep loading (eassumins that less than one 
application of the higher load level in 210,090 total 
load cycles will heve no effect on the Se curve at the 


lower stress level), the following equation is applied 
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Fer more than two loading steps, the following 


equation is evaluated: 


log Ne = a*logm—= + b*lom—+,.6 +H (A 9) 


where a’, bi, . « » ete. are constents reflecting 
the values of Nye Nos es @ 9 Ns end M is a constant 
eoefficient of the loading spectrum. 


8. Lundberg's FFA Method [39] 


The S-N curve of the material is represented in 


_ 
el 


Where A = the value of 3, for N= ji from the 


the form 


Hs 


streignt line plot of log (S,°S,) 
versus log WN 
B = the slope of the straight line fit of 
lor (3,-8,) versus los N 
A ecwavletive unit loading svectrum is drawn by 
plotting 3, vergus log J, where J ie the total number 
of cycles applied at or above 34 


The damage ratio, Dis for the unit distribution is 


J 
D, = Che ef 95.) P34) 


where Jo = intersept at S,20 ef the straight line 
fit to the unit loading spectrum on 


S, 710g J coordinates 
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4 = glope of the straight line fit to the 
unit Loading spectrum on &, # LOE J 3o-} 
ordinates 
[ (341) = Gamma function of (B+1) 
Apply the following for a life predictions 
2, M4 
Ny ws 5 (A 10) 
@, Meneon’s Method (42) 
Te following equation is applied3 
N; hy 2 doy 
Oe 7, ag Z 
Be ith of Mr. b, 2 
— = 1 FZ meet LAs Mo — ues Ne ene sae 
ep Nia MP Ni NM; 
Me+t 
toy rap ) 
a (oy Lh 
a aE oe Get) 


where Th i+] 


i+1 


munber of cycles of life vrenalning 
after iL number of preestresses (that 
is, number of cysles of Life remaining 


at the (i¢1} stres 


{3 


level} 
number of cyeles tc failure et the 
(A+]}) etreas level, aveording to the 
original material Selog FP curve 

the number of ecyoles to failure at 
the intersestion of the S-log N Lines 
as established by tests, or an @es@ 


timated value between 100 and 1000 


eyoles 


an 
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Failure is predicted when the product of Noay and 
the right side of (A 11) 46 equal to or less then the 
number of cycles applied at the i+1 level. Designating 
the failure level as (Me say) the total cycles to faile 
ure are 

Ne = 2 Myt(ne 444) (A 12) 
10, Miner’s Method [45] 
For each value of 34. determine the sorresponding 


n 
Ny Porm the ratio at for each Sy and evaluate the 





T, 
following: 
N, = : (A 13) 
5 ie 
Ny 





11. Methods of Richart and Newmark [53] and 
Marco end Starkey [43] 


Develop damage curves as a function of both the 


n 
load level and cycle ratio a » Keach curve must ine 
4 





dicate x damage level of unity when the cycle ratio is 
unity. By the method of Richart and Newmark, the damage 
curves may be described relative to an arbitrary damage 
curve at any reference load level. By the method of 
Marco and Starkey, the shape of the load curve at each 
load amplitude may be made a function of the cycle ratio 
raised to a stress-dependent exponent, [); i.e. 

= 62) 
Ny 


Once D, has been adequately defined, Np can be 





determined with equation (A 6). 
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12. Shaniey's “1X” and "2X" Nethode [48,59,40) 
(a) “17% 


Represent Se-N data in the form 


re 


Ho= 


&% 


3 


Solve for S,, the reduced strees of conetant 


anplitude, 
si 
hn, 
Ss, * Fie | 
£ 8 
2 $75, 


He the total number of cycles that may be 
applied at all load levels above the endurance 
limit prior to failure, is found from 

i 
a “s | 
on 
i 

For a loading sequence which includes stresses 
below the endurance limit, the predicted ecrycles to 
failure are 


?*** Ri )s<s, Ls 


(6) "2x" 


Evaluate 


(55) untt block 


(A 15) 
4 
(> 34) a,>8, 





Evaluate the actual stress, 3.5 {residual plus 
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external) ai each load level. Determine a N, for each 


(Sandy from the unnotched S-!] curve of the waterial and 


apply equation (A 13}. 
14. Valluri's Method [62,62] 





Solve equation (4 16) simultaneously at two values 
of Ny in the same region of the basic S-i' curve to de- 


termine the constants tr and Ky 


(A 16) 


where a 2 for brittle materials 


,> 
By = 5 for ductile materials 


i 


t and K vary over the entire resion of the curve 
anc must be determined over the entire range of the 
applied stress, Eaunation (A 17) is solved at each 
applied strees level and piotted versus in Nye (See 


Figure XI). 


lians = a3 : (A 17) 
- v In Eu 
% 


where 4 = crack length ratio 
fe) 


EFaeh curve shows the progress of the crack length 


during a fatigue test in which the stress anvlitude and 
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range “are maintained constant. For the actual use of 


the curves, the basic reference should be coneulted, 
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{FIGURE XI 
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‘ Length: Curves. 
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APPEANDIAZ D 


Selection and Evaluation of 
ratigue Life Frediction Methods 





From the sixteen fatigue life prediction methods selected 
for comparative study, six methods were chosen for comparison 
by numerical evaluation. ‘The limitations whieh precluded the 
numerieal evaluation of the remeining ten methods are discus- 
sed below, 

i. Frevdenthal and Heller's Method 

Lack of the type of data required te determine the 
stresa interaction factor, &, » prevented the arplication 
ef thie method. As indicated in Section II, a large 
number of tests are required to derive Ws Freugenthal 
and Heller indicate that although the devendence of tig 
on the load spectrum has been established, the exact 
relationship governing etress interaction phenomena is 

not yet known [26]. 

2. Henry's Method 

Tne limitation on applicability of this method to 
those cases where the applied stresses are less than or 


equal to 1.5 times the endurance limit stress, 5 9» pre=- 


e 
vented the use of the method. Aithough the exect value 
of S., Tor the HY-€0 steel used in these teste was not 
known, @ reasonable estimate for the meterial in the 


notehed condition would be 17,000 pei. “The meximun 
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equivalent reversed stresses in the loading spectra were 
considerably in excess of 1.5 times the estimated Seo? 
% should be noved that this method accounts for both 
the effect of stress block gize and the order of load 
application, Evaluation becones very compiex when more 
than two iocad levels are considered. If Seo is assumed 


to be zero, Miner's method results. 


38 





Data providing the number of cycles to orack ini- 
tiation ani the additional number of cycles to failure 
in HY-80 steel were not aveilable for these tests. If 
the phenomena of crack initiation and propagation are 
shown to be linear, these methods should sive vaiid faile 
ure predictions, if the eurvee for erack initiation and 
for failure are found to be parallel, these metnods will 
reduce to the simple iinear cumulative damage relation. 
At the present time, the accurate determination of crack 
initiation prevents the application of these methods to 
practical engineering problems. 
4. 





Six sets of five stress-leveil data were available to 
solve simultaneously for the (qt+l1), 1.€. six, sconstante 
required by Levy’s method for fiveestage datas however, 
no data would have been available for analysis after the 
constants were evaluated, There were not enough test 


sets to evaluate the constants for the 28<stage loading 
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spectra, If there had been suffislent data in both cases, 
only one equation per spectrum would have been necessary 
te predict the fatisue life of each unit svectrua, 


5 e fund per ¥ S 





An attempt was meade to define the loading spectra 
with eurvee of the analytical form required by this methe- 
o3,. The shape of the unit loading spectra could not be 
adequately defined by a straight line fit in the stress 
range of maximum fatigue damage. Since the resuits of 
this method are nishly dependent on a good fit of the 
eurves, the method was not mumerically evalueted. 


6. 





To apply these methods to test results, special two- 


step loading test data is required in large quantities 
to define the relationship between dameze boundaries, 


This experimental data was not available for HY-8C steel, 





The SeN data of tne materiai used in this study was 
deseri bed in a form that redused this approach to the 
method of Miner, ‘The numericai reguits obtained by Mine 
exr’s method represent these that would be ovtained by 
Shanliey*s "LK" procedure, 


Oa 4 this *& CII 





This msthod requires the solution of a complex stress 
analysis problem before it can be applied. Since de- 


tailed stress analysis was not the objective of this ine 
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vestigation, the residual internal stresees after each 
stress loading were not evaluated. Previous use of this 
method has been linited to simple twoestep losding ge- 
quences on simple coupons, and the extension of the meth- 
od to five~ or 28~step loading sequences was not under- 
taken in this study. 
9. Valluri's Method 

The constants rt and K,could not be determined with 
sufficient accuracy for use in this evaluation, Previous 
investigations indicate that this method does not give 
realistic estimates for program loading of the tyne to 
which the specimens in this test were subjected [63]. 
When applied, this method requires lengthy calculations 
and plotting procedures which do not lend themselves to 
computerization, Although Yalluri does not account for 
@ll parameters ina wey that satisfies ell investigatore, 
he presents a method that appears to be the first attempt 
to introduce the proper sequence of events into a single 
relation. The implications of this method are not in ell 
eases in agreement with experimental evidence. For ex-~ 
emple, in a two-stress level test, the method implies 
thet a greater life will be obtained if the high stresses 


are applied first. 


Each of the six methods chosen for numerical comparison 


was evalueted with the test data followings the procedure spe- 
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ecified by the proposing author. Ags noted in Appendix C, each 
of these methods refiestec variations in hemdling certain age 
pecte2 of the problen, such as the representation of the load 
spectra, the equation of the SeN curve, or the existence of 
an endurance iimit. In this study, additional variations 
were applied. <After the methods had been numerically evalue=- 
ted by tne procedure proposed in the Literature, the methods 
re medified and extended su that predictions reflecting a 
linear log Selog N curve, a linear S-log N curwe, an endurance 
limit, and no endurance limit were obteinedc for each method, 

Because no reliable endurance ilmit had been established 
fer the materiai used in these tests, estimation prosedures 
and comparisons with simlier uaterialis were used to establish 
an endurance limit for use in the tests. 

Considerations otner then those of SN representation 
and endurance limit which soverned the selection and evalua~ 
tion of the six methods are given below, 

1. 





As presented by Corten and Dolan, the stress exponent, 
6, is invariant end has a value of 6.57 for a two-stress 
level experiment, Other investigators maintain that 3 
4s mot constant, but instead varies with material, cone 
figuration, end/or stress ratio (55). Valid estimates 
of the fatigue life of builteup structures heave heen 
foune usine this method with 6 varying from 68.25 te 10.3 


{[46]. Appendix II, reference [46], presente a discussion 
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ef the variation of predicted life as a function of 6. 

It has also been suggested that the non-linearity of 
damagse propagation which is considered in detail by this 
method appears to be of relatively minor importance in 
the cawe of notched specimens when the influence of resi- 
dual stresses is present [28,54]. 

A consideration of the above remarks and the realiza- 
tion that the methed reduces Ko Miner's method if 6 is 
taken as the absolute value of the slope of the log S- 
los N curve, prompted the use of a range of values of the 
exponent 6 when evaluating this method. 

2. Fuller's Method 

Predictions by this method show a strong dependence 
on the exponent &. In addition to the variations in-~ 
Guced in 8 by S-N and So representations, & was eltered 
in the fiveestage tests by not normalizing the deta to 
1000 cycles. 


3. Gatts' Method 





The formulation of this method does not permit eval- 
uation at an endurance limit of zero, nor does it give 
reasonable results for a small endurance limit. Accord- 
ingly, Gatts' method was not evaluated using an endurance 
limit of zero. 

4, Manson's Method 
This method was evaluated in an attempt to verify 


its applicability to etresses other than cyclic bending 
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stresses, Beeauec no SeN curve for smooth specimens was 
available from which an intersection of 5-N curves (SN) 
eonid be established, the recomiended limits of approxi- 
mate values of Ny were used, An assumption of no inter- 
section would have reduced the method te that of Miner, 
5. 


Miner’s Method 





References [19] and [23] state that the energy as<- 
sumptions on which Kiner based this method are incorrect 
ané evaluations of the method by several investigators 
yield results which differ from observed values. In 
fact, most of the other methods sonsidered in thie study 
represent modifleations which attempt to improve the 
basic cumulative damage emalysis. Additional modificae 
tions were applied to include evaluations for which ths 
summation og Was not equal to unity. 


6. Shanley"s “2%" Sethod 





For sowe investigators this method yields predictions 
with « larze degres of conservatism. Others criticize 
the method because Shanley made damage a function of both 
S, and rather than a Single parameter [46]. ‘fhe 
enanves involving the 8-N curve and endurance limit were 
considered suffislent sedifications to perait a study of 


the sriticisas of this usetnod, 
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Mathematica) Methods of j ois 








le Zauiveient seversed Stress 
mquation (FE 1} was used to oalculate the equivalent re-~ 


versed stress, © 


G’ 
C 
cn, = at (E 1) 
1- — 
i 


where a, = sanivalent reversed stress, psi 
,* alternating strees, psi 
Oy, = meen stress, psi 
pr * true fracture stress, psi 

Pigure xII indicates the geometry of a modified Goodsan 
Giazsram from which saquntion (EF i) is derived. Ths true fraee 
ture etress# is used in iieu of the ultimate tensile strength 
in eonetructing the diagram as a reault of work by Cina [4]. 
Cina.'s work showed that this prosedure ylelds # more accur- 
ate value of equivalent reversed stress. 
2. Sol Gurves 

The reeults of the senatant load range and the completely 
reverseé stress tests were snalyzted by the method of linear 
regression, <A best-fit line was obtained for the data on 
both Selog N and log Slog N coordinates. The limited number 
of test results required that statistical methods for small 


samples be need, Ninety-five per cent confidence limits were 
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developed for each Sel! surve, 
For the straight regression line on log S-lost " coordi-e 


nates, the equation takes the forn 


™ * ‘7 
ons w= (; 


ee 
Nh 
wo 


Bquation (8 2) san be written in the form 
log $ + W log N = 6 {% 3) 
Lesignating y = leg S as the independent variable and 
x = log N as the dependent variable, equation (E 3) becomes 
y+ we = B (B 4) 
fhe eoerficients wand s of the straight regression 


line are determined by 


2RI— 2% TY 
ny ean we (E 5) 
2 “(x)” 
and s = Y = ¥= (EB 6) 
=>, An .. 28 
where y = - end x = _ 


For any siven value of y, 95 per sent confidence limits 
are found by 


Upper confidence limit: 


L ' q° - 1 
R= Gy Cewwe(t 2 O/ 4,0) (S 7) 
Lower cenfidenece Limits 
peers ot 
ky = wy ley Ct sa fy) \/ tq) } (E 8) 


where ¥e medified sum of the squares, 1.4. 
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Values of 7 Sau/y) sorresponding to 95 ner cent confidence 
e ¢ 
and the decree of freedom, y, are taken fron tebles of "“Stue 
dent’s tevalues for yy". 


Fer this test a: 


ie 
@ 
Lan 


“? = Yin? zs a 
t- 2, 34 
The linear correlation coefficient, r, as given by the 


product moment formule is 
2. ky 
* i 


\ [ES x7) 059") 


Tae procedure is the same for the Selog N regression line. 
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-~ -*£ lard Error of Estimate 

The standard error of estimate provides a measure of de- 
Viation of the results of a prediction sethed from the ectual 
values, 


The standard error of estimate, € , of Y¥ om K is defined 


(E 11) 





where Yes represents the estimated value of Y for a 


t 
Siven vaiue of XxX. 


For these texts Y was considered to be the sctusl number 


of cycles to failure as observed in the testa, ani Yast WAS 


the nwaber of cycles predisted by a life vrediction method 
or regression curve, Nea was the number of comparison points. 
Thus the standard error of estimate for these tests took 


the form 
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> (He met.) * 
ée — LP (B 12) 
i 
where Nes = miumber of cyciscs to fatiure, test 
Syp = number of cycles to failure, predicted 
Men = number of test data points 


4%, Degree of Conservatisn 


The predicted results were also compared with the actual 
test results by caleulatings the degree of conservatism for 


each method. The degree of conservatism, /\ , is 


An gf 2 13) 


If/\<1.00, the preg@iction is unconservative. 

If/\ 21.00, the prediction is conservative. 

The values of the degree of conservatism, /\ , were plot- 
ted on a log scale, Figure IiI, to teke advantage of the fact 
that equal distances on each side of the ordinate of nerfect 
correlation ( /\ = 1.00) represent equal degrees of conserva- 


tism,. 
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